Introduction
current or a descendent population were used as reference, the F of most or all individuals would be 140 invariably zero.
141
The necessary but ambiguous and arbitrary nature of a reference in both the correlation and something arbitrary in its definition (Maynard Smith, 1998, p141) , to the so-called 'inbreeding 148 paradox' (Seger, 1981) , and the suggestion that relatedness (and F as well) is a measure of our 149 information and not of anything real (Jacquard, 1974, p171) . These claims are true to some extent, 150 but they do not nullify the usefulness of F in population genetics theory and applications. So long as 151 the reference is not extremely far away from the current population such that mutations and selections become non-negligible compared with the genealogical process (inbreeding and drift), identical properties. More than 70 alleles are now identified at the ABO locus (Yip, 2002) . A 173 homozygote in the old 3-allele system may well be a heterozygote in the new +70-allele system, 174 causing a huge drop in homozygosity or probability of IIS in an individual or a population. In 175 contrast, F defined as correlation or IBD probability due to shared ancestry is unaffected by how 176 alleles and loci are defined, and by the polymorphisms of markers. Second, the definition is not 177 applicable to pedigree analysis. The IBD and correlation definitions of F are broad and coherent, 178 and apply to both pedigree and marker analyses. Using the founders of a pedigree as reference, 179 pedigree and markers should yield the same expected value of F for a given individual. These In practical applications, however, r and F are frequently estimated using allele frequencies an allele, p, at a locus in the sample, an individual i with inbreeding coefficient Fi will be 238 homozygous for the allele at a probability of + 2 (1 − ). This probability is smaller than,
239
equal to, and larger than the mean, p 2 , when the individual has a negative, zero, and positive ,
240
respectively. This interpretation of F is true across loci. For example, the probability of a multilocus
, where is frequency of the allele at locus reference are non-inbred half siblings, and ̂ used in calculating r and F is estimated using the 263 genotypes of sampled individuals under the assumption of non-inbred and unrelatedness.
264

Relatedness estimators
265
By the IBD or correlation definition using the parental population as reference, we have an expected each of a number of estimators when the current population is used as reference.
270
Estimator by Queller and Goodnight (1989) : There are a number of variants to this widely applied 
279 respectively, and the Kronecker delta variable ij  =1 if i = j and ij  = 0 otherwise. In some special 280 cases, equations (1-3) are undefined. For a monomorphic marker (k=1) or a biallelic marker (k=2) with both X and Y being heterozygous, both (2) and (3) are undefined and as a results (1) 
286
Under random mating, the genotypes of half siblings in the sample depend on the genotype 287 of the shared parent, Gs, and allele frequencies of the parental population. Gs can be either a 288 homozygote, {a,a}, or a heterozygote, {a,b} (a≠b). In the former case, the sibling genotypes are 
294
Similarly, when the shared parent has a heterozygous genotype Gs ={a,b} (a≠b), the 295 offspring genotypes, their frequencies, and the sample allele frequencies are listed in Table 1 .
296
Following the approach above, I obtain ̅ ≡ 0 for k > 2, and ̅ ≡ (12 1 2 − 3)/(4 1 2 + 3) for 297 k=2, when allele frequencies calculated from the sample assuming unrelated and non-inbred 298 individuals are used in the estimation.
299
In summary, when the current population (sample) is used as reference (i.e. the allele 300 frequencies estimated from the sample are used in r estimation), the average r between half siblings 301 is zero, except when k=2. For a biallelic locus (k=2), ̅ = 0 only in the special case of a 302 heterozygote of the shared parent and equal allele frequencies (i.e. p1=p2=0.5); otherwise, ̅ < 0.
303
The negative ̅ when k =2 occurs because the estimator is undefined with a heterozygous reference 304 individual, and is set, more or less arbitrarily, a value of 0.
305
Estimator by Ritland (1996) Ritland (1996) , is Using the genotype and estimated allele frequencies of half sib families listed in 
319 respectively. Applying the estimator to a large half sib family as listed in Table 1 yields an average 320 relatedness of 0, irrespective of the genotype of the shared parent, except for the special case of a 321 biallelic locus with equal allele frequencies. In this special case, the LR estimator becomes 322 undefined when the reference individual is a heterozygote (Lynch & Ritland, 1999) .
323
Estimator by Lynch (1988) and Li et al. (1993) : This estimator (denoted as LL), proposed by Lynch 
333
Applying the estimator to a large half-sib family (Table 1) , I obtain, after tedious algebra, an . Figure 1 
352
It is possible to modify LL estimator so that, like QG, LR and R estimators, it applies to the 353 more general definition of relatedness in terms of correlation (Wright, 1921) . The original LL 354 estimator is calculated using a constant 0 , which is the expected similarity for unrelated individuals. 
365
where is defined similarly to in (7).
researcher. When the reference is an ancestral, the current, and a descendent population, the average relatedness across pairs of individuals in a sample tends to be greater than, equal to, and smaller 369 than zero respectively, independent of markers and their allele frequencies.
370
Consider the half sib family listed in Table 1 (1 + )/2 which, after some algebra, reduces to = (1 + Estimator by Wang (2002) siblings. Simulations showed that W estimator has a ̅ similar to LL estimator, as shown in Figure 1 384 for a biallelic locus.
385
To modify W estimator such that it is relative to a reference no matter the reference is an 
389
Inbreeding estimators
390
In the IBD or correlation definition using the parental population as reference, we have an expected estimators estimate F as a correlation coefficient (Wright, 1921) , and the average F among individuals is expected to be smaller than zero when the current sample (population) containing 400 highly related individuals is used as reference. However, these estimators may give misleading 401 results in such a case because the estimates become dependent on allele frequencies of the markers.
402
Estimator by Li & Horvitz (1953) and Ritland (1996) : This estimator (denoted as LHR) was derived 
424
This negative and marker-dependent F is caused by using allele frequencies calculated from the 425 current sample which is assumed to contain unrelated individuals.
426
Estimator by Li & Horvitz (1953) most individuals are unrelated, the problem is minor and can be ignored as a good approximation.
526
In practice, random sampling from a large outbred population is expected to produce a sample 527 containing only a small fraction of highly related individuals (e.g. Csillery et al., 2006) . However,
528
for some species, family members (especially juveniles) tend to cluster spatially and sampling 529 without realising and accounting for this family structure may lead to a sample containing just a few 530 large families, as exemplified for a brown trout population (Hansen et al., 1997) .
531
It is tempting to estimate r and allele frequencies jointly to solve the 2 nd problem. However, frequencies, which may become very inaccurate because of a small sample size when n is large.
552
Third, simply discarding related individuals throws away information for allele frequencies. Another problem caused by the practice of using the current sample as reference is the 554 sampling errors of allele frequencies due to a finite sample size. Using the same individuals for 555 estimating relatedness and allele frequencies introduces a negative covariance between them 556 (Ritland, 1996) . Effectively, the relatedness between two individuals is estimated by using the amount in the order of 1/N, where N is the sample size. This bias can be removed by excluding the 559 focal individuals in calculating allele frequencies used in estimating their relatedness (Queller & 560 Goodnight, 1989; Ritland, 1996) . However, the frequency of an allele present only in the focal 561 individuals will be estimated to be zero by this exclusion procedure, which causes some estimators 562 to become undefined.
563
Understanding the concepts of relatedness and inbreeding, especially their relative nature 564 defined by the reference, is pivotal in correctly interpreting and applying the estimates in practice. biases depend on the actual fine genetic structure of the sample, and the markers being used (Figure   624 4). A better approach is to estimate relationships directly from marker data with a pairwise (e.g.
method. This direct approach is much more robust to misspecifications of reference allele 627 frequencies, and has the option to jointly estimate relationship and allele frequencies.
628
In this study, I investigated a few F and r estimators that are developed from population 629 genetics models. When the underlying assumptions are met, they provide unbiased and marker-630 independent estimates of F and r. It is noticeable that some marker-based surrogate statistics are 631 also proposed and applied in indicating the levels of inbreeding and relatedness. These include, for 632 example, multilocus heterozygosity (MLH) or its complement for indicating inbreeding (e.g.
633
Hansson & Westerberg, 2002) and similarity indexes (including the one used in (7) 
